Center-surround antagonism is a hallmark feature of the receptive fields of sensory neurons. In retinas of lower vertebrates, surround antagonism derives in part from inhibition of cone photoreceptors by horizontal cells. Using whole-cell patch recording methods, we found that light-evoked responses of cones in macaque monkey were antagonized when surrounding cones were illuminated. The spatial and spectral properties of this antagonism indicate that it results from inhibition by horizontal cells. It has been suggested that horizontal cell inhibition is mediated by the neurotransmitter GABA. The inhibition observed here, however, was inconsistent with a GABA-gated chloride conductance mechanism. Instead, surround illumination evoked an increase in calcium conductance and calcium-activated chloride conductance in cones. We expect that these conductances modulate neurotransmitter release at the cone synapse and increase visual sensitivity to spatial contrast.
Introduction
A key feature of visual information processing is spatial contrast enhancement. Objects of a fixed luminance look brighter on a dark background than on a bright background (Mach, 1865) . A physiological correlate to this effect was first observed in light responses of ganglion cells in cat and monkey retina; responses to illumination in one region of retina were antagonized by illumination in surrounding regions (Kuffler, 1953; Hubel and Wiesel, 1960) . In lower vertebrates, center-surround antagonism of retinal neurons begins with surround antagonism in cones. Turtle cones are hyperpolarized by direct illumination and depolarized by illumination of distant cones (Baylor et al., 1971) . Surround antagonism was also implicated in squirrel cones (Leeper and Charlton, 1985) , but has not been demonstrated in other mammalian retinas, including primate.
Turtle cones depolarize when hyperpolarizing current is injected into horizontal cells, and cone surrounds have receptive fields properties similar to those of horizontal cells (Baylor et al.,1971; Fuortes et al., 1973) , indicating that antagonistic surrounds in cones are mediated by inhibitory feedback from horizontal cells. The mechanism by which horizontal cells communicate to cones is controversial. One hypothesis proposes that horizontal cells are GABAergic. Hyperpolarization by light reduces GABA release, causing GABA-gated chloride channels in cones to close. Evidence for this includes voltage-regulated release of GABA from toad horizontal cells (Schwartz, 1982) and the presence of GABA-gated chloride channels in isolated cones of turtle and pig (Kaneko and Tachibana, 1986; Picaud et al., 1998) .
Although evidence for GABA-gated channels in isolated cones is solid, evidence for its involvement in surround antagonism is contradictory. Some studies report that surround illumination evokes a change in cone conductance consistent with the closure of chloride channels (Skrzypek and Werblin, 1983; Wu, 1991) , whereas others report surround-evoked increases in chloride conductances (Lasansky, 1981; Thoreson and Burkhardt, 1991; Verweij et al., 1996) . Furthermore, cone surrounds were partially blocked by GABA receptor agonists and antagonists in carp and salamander (Murakami et al., 1982a; Wu, 1991) , but were unaffected in turtle and goldfish (Thoreson and Burkhardt, 1990; Piccolino, 1995; Verweij et al., 1996) .
An alternative hypothesis to the GABA-gated mechanism supposes that surround illumination activates calcium channels in cones, which in turn activates calcium-activated chloride channels (Kamermans and Spekreijse, 1999) . Evidence for such a mechanism was found in turtle and goldfish retina in situ (Gerschenfeld et al., 1980; Thoreson and Burkhardt, 1991; Verweij et al., 1996) . Calcium-activated chloride conductances have been described in isolated cones of lizard and monkey (Maricq and Korenbrot, 1988; Yagi and MacLeish, 1994) . It is not clear how horizontal cells would activate the calcium conductance in cones. It has been suggested that when horizontal cells hyperpolarize, an extracellular voltage drop develops in the cone synaptic cleft (Byzov and Shura-Bura, 1986) , which activates voltage-gated calcium channels.
In this study we record from single primate cones in situ and investigate the spatial, spectral, ionic, and pharmacological properties of surround antagonism. Our results support the involvement of horizontal cells in the formation of antagonistic surrounds, but are inconsistent with a GABA-gated chloride mechanism.
Materials and Methods
Retinal preparation. Eyes were obtained from macaque monkeys (Macaca fascicularis and Macaca mulatta) used by other investigators. No differ-ences were found in the results obtained from the two species. All procedures involving monkeys were in accord with guidelines established by the National Institutes of Health and were approved by the University of California San Francisco Committee on Animal Research, which has approved assurance from the Office of Protection from Research Risks at the National Institutes of Health.
Enucleation was performed under general anesthesia. The eye was hemisected just anterior to the ora serrata. The vitreous was removed, and the eyecup was dark-adapted for at least 1 hr in a light-tight jar containing 36°C bicarbonate-buffered Ames solution equilibrated with 95% O 2 and 5% CO 2 (Sigma, St. Louis, MO). All subsequent procedures were performed under infrared illumination with the aid of infrared image converters.
Before recording, a 4 ϫ 4 mm 2 piece of retina was isolated and placed photoreceptor side up in the recording chamber. Cones were visualized with infrared Nomarski optics through an upright microscope, a 40ϫ water immersion objective, and an infrared-sensitive camera. The retina was incubated for 3-5 min in a mixture of enzymes to clear the cone plasma membranes of inter-photoreceptor matrix, cellular debris, and residual vitreous. The enzymes were added to Ames solution at the following concentrations (in units per milliliter) : collagenase (80), hyaluronidase (300), deoxyribonuclease (500), and chondroitin ABC lyase (0.2). They were obtained from: collagenase CLSPA (Worthington Biochemical Corp., Lakewood, NJ), hyaluronidase HSEP (Worthington Biochemical Corp.), deoxyribonuclease I DPFF (Worthington Biochemical Corp.), and chondroitin ABC lyase 190334 (ICN Biochemicals Inc., Aurora, OH).
After enzyme treatment the retina was superfused with bicarbonatebuffered Ames medium. Bath temperature was maintained at 36°C (Cell Micro Controls, Norfolk, VA) .
Electrical recording and optical stimulation. Whole-cell membrane currents were recorded from the inner segments of red and green cones at retinal eccentricities of 1-1.5 cm. No differences were found in the surround properties of the two spectral cone types. The components comprising the patch electrode solutions used are listed in Table 1 . Patch solution 1 contained a normal "physiological" concentration of chloride, whereas solutions 2-4 contained elevated chloride concentrations designed to enhance surround responses. The calcium chelator 1,2-bis-(2-aminophenoxy)ethane-N,N,NЈ,NЈ-tetra-acetic acid (BAPTA) (Sigma) was added to patch solutions 3 and 4 to test the effects of buffering changes in the intracellular free calcium concentration. Solution 4 contained an estimated free calcium concentration of ϳ300 nM.
Membrane potentials were corrected for the liquid junction potential of the electrode. The series resistance of the electrode in whole-cell recording was ϳ10 M⍀, and the input impedances of cones were ϳ100 -250 M⍀. Because most recordings were made at membrane potentials near the resting potential of the cone, the resultant errors in membrane potential caused by series resistance were typically less than a couple of millivolts. These errors remain uncorrected except for experiments on the voltage dependence of surround-and voltage-activated conductances in which voltage errors of up to 3 mV (see Fig. 6 ) and 8 mV (see Fig. 7 ) were calculated for the most depolarized responses. The reversal potentials and slope conductances calculated from these experiments were corrected for series resistance errors, as indicated in the Results.
In a limited number of experiments, whole-cell recordings were made with the perforated patch technique (Horn and Marty, 1988; Schneeweis and Schnapf, 1995) . The electrode contained patch solution 1 plus 120 ⌴ amphotericin B (Sigma). With perforated patch recordings, large photovoltage responses of up to 25 mV could be measured for Ն1 hr. By contrast, conventional whole-cell recordings caused rundown of phototransduction in a matter of minutes. An important disadvantage of perforated patch recording, however, was that the series resistance of the electrode was too high (20 -40 M⍀) for reliable voltage-clamp control when holding currents were large. Consequently, perforated patch recordings were used sparingly and limited to either current-clamp mode (at I ϭ 0), or voltage-clamp mode at membrane potentials near the resting potential in which holding currents and hence voltage errors were small. Unless explicitly specified as a perforated patch recording, recordings were obtained by conventional whole-cell methods.
Membrane currents were recorded with an Axopatch 1D amplifier (Axon Instruments, Union City, CA) and low-pass filtered by the Axopatch 4-pole Bessel analog filter with a cutoff frequency of 2 kHz. Photocurrents were filtered additionally by an 8-pole Bessel analog filter (Frequency Devices, Haverhill, MA) with a cutoff frequency of 250 Hz. All phase shifts resulting from filtering were corrected. Data acquisition and analysis and stimulus presentation were performed with a Macintosh G4 computer, an ITC-16 interface (Instrutech Corp., Port Washington, NY), and the software program Igor Pro 4.0 (Wavemetrics Inc., Lake Oswego, OR). Signals were digitized at 2 or 5 kHz.
Cones were stimulated with unpolarized light. Wavelength was regulated with interference filters of 10 nm nominal half-width, and intensity was attenuated with calibrated reflective neutral density filters. Light calibrations of the unattenuated energy flux at each wavelength were made before each experiment with a radiometer (model 350; UDT Instruments, Baltimore, MD).
Fit of receptive field data to exponential model. The spatial extent of the surround receptive field was determined from responses to spots and annuli of various sizes. Response amplitudes were fit with a model in which the sensitivity S (per unit area) of the surround receptive field declined with distance x from the center of the receptive field as S ϭ S 0 e ϪԽxԽ/ . Assuming that responses sum linearly across the receptive field, then the expected surround response to a spot of light of radius a would be:
where r(a) is the amplitude of the surround response elicited by a spot of radius a, and r ϱ , the asymptotic response amplitude as a 3 ϱ, is equal to 2S 0 2 . To isolate the component of the response to a spot of light that was caused by stimulation of the inhibitory surround, the component attributed to the receptive field center had to be subtracted. It was assumed that for a given light intensity, this center response was identical for all spot sizes used. The smallest spot (diameter 45 m) was large enough to cover the cone and the ring of nearest neighboring cones. To subtract off the center component, a constant was added to the measured response amplitudes. This constant was an additional free parameter in fitting the data to Equation 1. The equation was fit to the data by minimizing the squared differences between the points and the curve.
Surround responses to an annulus of outer radius a 1 and inner radius a 2 would be:
where r(a 1 ) and r(a 2 ) are taken from Equation 1. Responses to annuli of fixed inside radius and variable outside radii were plotted as a function of outer radius and fit by least squares criteria to Equation 2. To compare spot and annuli data directly (see Fig. 4C ), annulus response amplitudes were shifted by the constant r(a 2 ) derived from the fit of Equation 2 to the data. Collected results from both spot and annulus protocols were plotted together along with Equation 1 (see Fig. 4 D) , after normalizing the data by r ϱ and for each cell. Drug application. Drugs were either dissolved in Ames solution and superfused over the retina or dissolved in HEPES-buffered Lockes solution and pressure-ejected from a pipette. The Lockes solution contained (in mM): NaCl (140), KCl (3.6), MgCl 2 (2.4), CaCl 2 (1.2), dextrose (10), and HEPES buffer (3.0), pH 7.4. The puffer pipette was positioned 10 -20 m above the tissue and its contents expelled using positive pressure generated by a PicoSpritzer II (General Valve, Fairfield, NJ). The following drugs were used: GABA (Sigma), GABA transporter inhibitor SKF89976A (Tocris, Ballwin, MO), picrotoxin (Sigma), carbenoxolone (Sigma), CoCl 2 (Sigma), and 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (Tocris).
Results

Demonstration of surround antagonism in primate cones
Light responses to center and surround stimulation were of opposite polarity (Fig. 1 ). The spot of light, centered on the cone, evoked an outward current, as expected from the activation of phototransduction in the cone outer segment. A concentric annulus of light evoked an inward current. This "antagonistic" response to surround illumination was observed in a total of 68 macaque cones. Although cones are known to be electrically coupled to neighboring rods and cones (Raviola and Gilula, 1973; Schneeweis and Schnapf, 1999; DeVries et al., 2002) , the surround response shown here cannot be attributed to coupling. The passive spread of signals from electrically coupled neighbors would result in additional outward current. The inward current evoked by an annulus is consistent with feedback signaling from horizontal cells.
Receptive fields of cone surround
The spatial extent of receptive fields of cone surrounds was determined using two methods. In the first method cones were presented with spots of light of increasing radius. The response to the smallest spot was an outward current, attributable to phototransduction in the cone outer segment, with additional input from electrically coupled neighboring cones (Fig. 2 A) . Responses to larger spots displayed a delayed component of inward current attributable to an inhibitory surround mechanism. The amplitude of the outward component was maximal for spots of 23 m radius and did not increase with greater spot sizes. The amplitude of the inward component, however, continued to increase with radii up to 350 m.
In a second method, a "pure" surround response was evoked by flashing an annulus in the presence of a small saturating adapting spot, centered on the recorded cone (Fig. 2 B) . For the cone shown, the annulus response increased in amplitude with increasing outer radii of up to at least 350 m.
The symbols in Figure 2C plot surround response amplitude as a function of stimulus outer radius from the data shown in A (F) and B (E). The data were fit to a model in which receptive field sensitivity per unit area declined exponentially with distance from the field center with a length constant (see Materials and Methods) . The values of obtained from a least squares fit of the model to the data were 59 (F) and 134 m (E). Receptive fields were measured in six cones and plotted in Figure 2 D on normal- ized axes. In all six experiments the data were well fit by the exponential model with an average length constant of 98 Ϯ 31 m (mean Ϯ SD) and a range of 59 -134 m. characterized the receptive field sizes of horizontal cells in macaque retina by calculating the distance from the center of the field at which the sensitivity per unit area fell to 10% of its peak value. They defined receptive field diameter as twice this distance. Using their definition of diameter, the cones illustrated in Figure 2 D would have receptive field diameters of -2 natural logarithm (0.1), which corresponds to an average value of 451 m, with a range of 272-617 m. At retinal eccentricities similar to the ones explored here, diameters of horizontal cell receptive fields ranged from ϳ60 to 700 m, with an average diameter of 309 m . Cone surrounds are expected to be somewhat larger than those of horizontal cells because each cone makes synaptic contacts with approximately four horizontal cells with partially overlapping dendritic fields (Wässle et al., 1989) . Because of this overlap, the cone receptive field diameter should increase by an amount corresponding to the radius of the dendritic spread of a horizontal cell, ϳ75 m at the retinal locations described here (Wässle et al., 1989) . Thus, the receptive field diameter of a cone surround predicted from horizontal cell receptive fields (309 ϩ 75 ϭ 384 m) is reasonably close to our measured average value of 451 m.
Spectral sensitivity of surround antagonism
Horizontal cells in macaque retina receive input from a mixture of cones of various spectral types (Wässle et al., 1989; Ahnelt and Kolb, 1994; Dacey et al., 1996) . An antagonistic surround in cones that is generated by horizontal cell feedback should reflect this mixed cone input. The spectral sensitivity of surround antagonism was measured with annuli of 500 and 660 nm wavelength in the presence of a bright adapting spot as described above. To eliminate the effect of rod input on spectral sensitivity (Schneeweis and Schnapf, 1995) a dim background light of 500 or 530 nm was presented continuously.
Annulus intensity was adjusted to evoke linear range responses that were approximately equal in amplitude (Fig. 3) . The relative spectral sensitivity of the surround was calculated from the ratio of the response amplitude divided by light intensity at the two wavelengths. For the cone in Figure 3 , the log of the relative sensitivity (log[S 500 /S 660 ]) was 1.5. The range of values for five cones from the same monkey was 1.5-1.7. These values correspond to spectral sensitivities in between those of red and green cones derived from photocurrent recordings of macaque cone outer segments (Baylor et al., 1987) : 0.9 (red) and 2.2 (green cones). Thus, a mixture of cone inputs mediates surround responses in macaque cones.
Pharmacology of surround antagonism
Reciprocal communication between cones and horizontal cells can be disrupted at either the glutamatergic synapse used in signaling from cones to horizontal cells or the feedback synapse from horizontal cells to cones. Light responses of horizontal cells in salamander retina are abolished by the glutamatergic AMPAkainate receptor antagonist CNQX (Yang and Wu, 1989) , and the surround response in goldfish cones is blocked by the related receptor antagonist DNQX (Verweij et al., 1996) . Immunohistochemical staining suggests that the cone to horizontal cell synapse in primates also uses the AMPA-kainate-type glutamate receptor (Haverkamp et al., 2001a,b) . Figure 4 A shows that responses in monkey cones to light annuli were reversibly blocked by bath application of 20 M CNQX (n ϭ 2).
Cobalt at submillimolar concentrations (250 -500 M) blocks feedback transmission from horizontal cells to cones in turtle and frog retina without attenuating synaptic transmission from cones to horizontal cells (Thoreson and Burkhardt, 1990; Vigh and Witkovsky, 1999) . Figure 4 B demonstrates that 100 M cobalt chloride blocked surround antagonism in monkey cones (n ϭ 3). This concentration of cobalt does not block the feedforward signals from cones to horizontal cells in macaque retina . These results support the idea that cone surrounds in primate retina are caused by feedback inhibition from horizontal cells.
To evaluate the possible role of GABA as the signaling molecule from horizontal cells to cones (Kaneko and Tachibana, 1986; Wu, 1986 Wu, , 1991 Picaud et al., 1998) , annulus responses were evoked in the presence and absence of bath-applied GABA (0.5-1 mM) coapplied with the GABA uptake inhibitor SKF89976A (Fig.  4C) . Although GABA at this concentration would be expected to saturate GABA receptors (Lukasiewicz and Shields, 1998, Matthews et al., 1994) , it had no effect on annulus responses measured in four of five cones. In the fifth cone, GABA produced a partial and reversible block of the surround response, but only after a delay of 12 min from the onset of bath application (data not shown). Because the bath-applied effects of both cobalt and CNQX were rapid, the delay in the response to GABA suggests that this response may have been indirect by way of other retinal neurons (Knapp and Dowling, 1987; Kamermans and Werblin, 1992; Feigenspan et al., 2000; Stella and Thoreson, 2000) .
GABA-gated currents in cones of turtle, mouse, and pig are partially or completely blocked by the GABA A/C -receptor antagonist picrotoxin (Kaneko and Tachibana ,1986; Picaud et al., 1998; Pattnaik et al., 2000) . In addition, the depolarizing responses of biphasic horizontal cells in carp, which are thought to result from feedback to cones, were also blocked by picrotoxin (Murakami et al., 1982b) . In macaque cones however, 200 M picrotoxin had no effect on surround responses (Fig. 4 D) (n ϭ 2). In addition, neither GABA nor picrotoxin had a noticeable effect on the holding current or other properties of the cone light response. Thus, the surround response in macaque cones appears not to be mediated by picrotoxin-sensitive GABA A or GABA C receptors.
In isolated cones of both turtle and pig (Kaneko and Tachibana, 1986; Picaud et al., 1998) and in cones recorded in situ in isolated mouse retina (Pattnaik et al., 2000) , puffing GABA onto cones evokes a conductance increase which reverses at the chloride equilibrium potential E Cl . To test for GABA sensitivity of monkey cones in situ, cones were voltage-clamped to membrane potentials between Ϫ70 and Ϫ10 mV, E Cl was set to Ϫ30 mV, and 1 mM GABA was pressure-ejected from a puffer pipette. Responses from representative cones recorded at Ϫ62 mV are illustrated in Figure 5 . At this membrane potential, an inward current response is expected for a GABA-activated chloride conductance. In the 12 cones tested, 7 gave no detectable responses to puffs of GABA at any membrane potential (Fig. 5A) , whereas 5 cones gave small responses similar in magnitude to the current artifacts observed with puffs of control Lockes solution (Fig. 5B-D) . Of the five cones that responded to GABA, one responded with an outward current at Ϫ62 mV (Fig. 5B) , whereas the remaining four responded with the expected inward current response (Fig. 5C) . In only two of these cones however, did the GABA response reverse near E Cl . The responses were barely detectable above the noise however, and could not be tested rigorously. These responses were unlike the robust GABA-evoked chloride currents previously described in cones of other species (Kaneko and Tachibana, 1986; Picaud et al., 1998; Pattnaik et al., 2000) . Thus, we were unable to convincingly demonstrate GABA-gated chloride channels in macaque cones in situ.
If surround responses in monkey cones are not mediated by GABA, then how do horizontal cells communicate to cones? One possibility is that communication is ephaptic, that is mediated by extracellular current, not neurotransmitters (Byzov and ShuraBura, 1986 ). Kamermans et al. (2001) suggested that the ephaptic circuit included current flow through hemichannels located on horizontal cell dendrites. They observed that the gap junction and hemichannel blocker carbenoxolone (Osborne and Williams, 1996; Ripps et al., 2002) blocked surround antagonism in goldfish cones. Figure 4 E shows that bath application of carbenoxolone (100 M) also blocked surround antagonism in monkey cones. In all five cones tested, carbenoxolone block was complete and did not reverse on return to control Ames solution over the measured recovery period of 8 -10 min.
Was the blockade of surround responses we observed caused by the direct action of carbenoxolone on feedback signaling or was it caused by suppression of phototransduction in cone outer segments? To test this, changes in membrane potential were measured with perforated patch electrodes in response to small spots of light centered on the recorded cone. In the five cones tested, carbenoxolone decreased the quantal sensitivity of cone phototransduction approximately six-fold without significantly altering responses to saturating light (data not shown). For the light intensity used in Figure 4 E, this inhibitory effect on phototransduction would be expected to reduce the surround response by only 35%. The complete abolition of the surround response observed with carbenoxolone cannot therefore be attributed to suppression of phototransduction.
In many species, the receptive fields of horizontal cells are enlarged by gap junctional coupling between neighboring horizontal cells (Kaneko, 1971) . Because carbenoxolone is a known blocker of gap junctions, can the blockade of the surround response in cones by carbenoxolone be explained by the uncoupling of horizontal cells? Uncoupling would shrink the receptive field of a horizontal cell to the dimensions of its dendritic arbor (ϳ150 m in the far periphery; Wässle et al., 1989) , but not reduce responses to very large spots. Assuming an exponential receptive field profile, a simple calculation indicates that uncoupling would have an insignificant effect on responses to our surround stimuli. The blockade of the surround response with carbenoxolone cannot therefore be attributed to the uncoupling of horizontal cells.
Chloride dependence of the surround response
In lower vertebrates, illumination of the surround of a cone evokes an increase in chloride conductance in the cone (Lasansky, 1981) . Figure 6 demonstrates the same effect in primate cones. With E Cl set to Ϫ52 mV, the cone responded to an annulus with a transient outward current, at potentials both positive and negative to E Cl (Fig. 6 A) . This transient component is probably caused by activation of phototransduction in the recorded cone that was not sufficiently suppressed by the central adapting spot and was commonly seen when using a patch solution with E Cl ϭ Ϫ52 mV. After the initial component, a slow outward current developed at membrane potentials positive to E Cl , consistent with the passive flow of chloride. No reliable reversal of this current was observed, however, at potentials negative to E Cl . Similar results were seen in a second cone recorded with E Cl Ϫ52 mV.
In a cone recorded with E Cl set to Ϫ30 mV, the slow component of the surround response reversed near Ϫ30 mV (Fig. 6 B) . The amplitude of the slow component was estimated as the difference in the currents averaged over the two 20 msec time windows indicated by the bars in the figure. After corrections for series resistance errors, the reversal potential was estimated by linear interpolation of the response amplitudes near zero picoamperes. For the 10 cells recorded with E Cl set to Ϫ30 mV, the reversal potential was Ϫ38 Ϯ 2 mV (mean Ϯ SD). The reversal potential was fairly close to E Cl , suggesting that the slow component of the surround response consisted primarily of an increase in conductance to chloride, with a smaller contribution from other ions.
Calcium and voltage dependence of the surround response
In cones of lower vertebrates, surround illumination elicits a twophase conductance increase comprised of a rapid component with a positive reversal potential and a slow component with a more negative reversal potential (O'Bryan, 1973) . These two components have been identified as a fast voltage-activated calcium conductance and a slow calcium-activated chloride conductance (Verweij et al., 1996) . A calcium-activated chloride conductance has been observed in isolated cones in the primate retina (Yagi and MacLeish, 1994) . To determine if this conductance plays a role in the surround response of primate cones, the calcium chelator BAPTA was included in the patch solution to block the rise in intracellular free calcium concentration and hence the activation of the calcium-activated chloride conductance.
The effect of BAPTA on one cone with E Cl set to Ϫ30 mV is shown in Figure 6C . Surround illumination evoked an inward current at all membrane potentials positive to Ϫ50 mV. Unlike the cone in B, the slow component of the response did not reverse in polarity close to the chloride equilibrium potential. Thus, chelation of intracellular calcium blocked the delayed increase in chloride conductance. Similar results were obtained in a total of 24 cones. Surround responses in BAPTA were not observed at holding potentials more negative than Ϫ60 mV. The responses were maximal at a holding potential of Ϫ40 Ϯ 5 mV (mean Ϯ SD). The voltage activation range of the response was quite similar to the voltage dependence of the calcium current in isolated macaque cones (Yagi and MacLeish, 1994) . The inward currents recorded with BAPTA were often larger than the inward currents measured in the absence of BAPTA, suggesting that the underlying calcium conductance may be inactivated by intracellular calcium (Budde et al., 2002) .
Conductance properties of the calcium-activated chloride current
To strongly activate the calcium-activated chloride conductance and further characterize its voltage dependence, calcium channels were activated by stepping the holding potential from Ϫ62 to Ϫ14 mV. The resultant currents measured in one cone with E Cl set to Ϫ52 mV are shown in Figure 7A . During the step depolarization a slowly developing outward current was seen. After repolarization an inward tail current lingered for Ͼ500 msec. Assuming that this tail current was dominated by the slow shutoff of the chloride conductance, then difference currents measured before activation and during the tail could be used to estimate the instantaneous voltage dependence of the conductance. The membrane voltage was briefly pulsed to various potentials both before the long depolarizing step, and again 50 msec after repolarization. The difference in the amplitude of the currents measured at these two time points was plotted as a function of membrane potential in Figure 7D (E). The current-voltage relationship of the tail current was nearly linear and reversed close to the value of E Cl set to Ϫ52 mV. After corrections for series resistance errors, reversal potential and slope conductance were estimated by fitting a straight line to the amplitude of the difference currents. In the three cells recorded with E Cl of Ϫ52 mV, the reversal potential was Ϫ54 Ϯ 1 mV, and the slope conductance was 21 Ϯ 10 nS (mean Ϯ SD).
Cones recorded with E Cl of Ϫ30 mV also displayed a pronounced slowly activating outward current during depolarization and a pronounced inward tail current after repolarization (Fig. 7B) . The current-voltage relationship of the tail response was linear and reversed near E Cl (Fig. 7D, Ⅺ) . After correction for series resistance, the response reversed at Ϫ38 mV, with an estimated slope conductance of 29 nS. In the 12 cells recorded with E Cl of Ϫ30 mV, the reversal potential was Ϫ39 Ϯ 3 mV, and the slope conductance was 25 Ϯ 12 nS.
If activation of the tail conductance requires elevation of intracellular calcium, then blockade of the rise of intracellular calcium should eliminate the tail current. The cone illustrated in Figure 7C was recorded with E Cl of Ϫ30 mV and with 5 mM BAPTA in the patch electrode to chelate calcium. As expected, there was no slow outward current during depolarization and no tail current after repolarization. The current-voltage relationship after repolarization in Figure 7D (⌬) had a slope close to zero. In a total of eight cones recorded under these conditions, the slope conductance was 0 Ϯ 1 nS.
These results demonstrate that macaque cones in situ contain a calcium-activated chloride conductance with linear currentvoltage properties. This conductance is likely to underlie the chloride conductance shown to be evoked by surround illumination (Fig. 6) in the same preparation. 
Discussion
We have unambiguously identified surround antagonism in cones in the primate retina. This antagonism appears to be generated by signals originating in horizontal cells. The significance of spatial antagonism is that it reduces redundant information in cone signals arising from the spatial correlations in visual scenes (Srinivasan et al., 1982) . Selective amplification of uncorrelated signals in cones enables optimal use of the dynamic range of the cone synapse, thereby minimizing the effects of noise generated by the rest of the visual system. The presence of horizontal cell feedback on cones has direct consequences for color vision. As a result of feedback, the synaptic output of a cone is driven by light absorption from a combination of cones of differing spectral classes, not a single spectral class. This mixing of cone signals at the initial step in the visual process places constraints on the neural mechanisms used to extract wavelength information from the relative excitation of the three classes of cones.
The magnitude of surround antagonism Surround antagonism was observed in only ϳ20% of the cones we recorded. The reason for this is not certain, but we assume that the fraction of cones with antagonistic surrounds is much greater in vivo. In lower vertebrates, surround responses are also seen in only a fraction of even the best cone recordings, and the responses frequently deteriorate over time (Burkhardt, 1993; Piccolino, 1995) . This suggests that the mechanism generating surround antagonism is labile. Our ability to visualize cone surrounds was improved by depolarizing the membrane potential and by elevating the intracellular chloride concentration relative to their assumed physiological values. The membrane potential of macaque cones ranges from approximately Ϫ50 mV in the dark to Ϫ70 mV in response to a bright light. Surround responses were largest however at potentials near Ϫ40 mV, presumably because the voltage dependence of the calcium current is steepest in this region (Fig. 7 ) (Yagi and MacLeish, 1994) . In turtle cones, the intracellular chloride concentration is estimated to be between 12 and 24 mM (Kaneko and Tachibana, 1986) . Surround responses in macaque cones, however, were best seen when the chloride concentration of the patch solution was ϳ40 mM (E Cl -30 mV). Elevation of intracellular chloride might augment feedback signals in two ways. First, high intracellular chloride is known to amplify synaptic transmission from photoreceptors by increasing calcium channel open probability (Thoreson et al., 1997 . This effect of chloride on open probability might also increase surround-evoked activation of the calcium conductance. Second, when the membrane potential is held at Ϫ40 mV, the surroundevoked fluxes of calcium and chloride ions (calcium in and chloride out) are electrically additive at an E Cl of Ϫ30 mV, whereas they are subtractive (both calcium and chloride in) at physiological concentrations of chloride (E Cl Ϫ52 mV) (Kraaij et al., 2000) .
How significant a role do cone surrounds play in the development of spatial antagonism in the retina as a whole? Although the electrical response in cones to surround illumination is small at physiological membrane potentials and chloride concentration, a small surround-evoked influx of calcium into a restricted presynaptic space like the cone pedicle would nonetheless have a substantial effect on synaptic transmission. Indeed, in rabbit retina, surround responses of ganglion cells can be mimicked by injection of hyperpolarizing current into nearby horizontal cells (Mangel, 1991) . This response appears to originate from horizontal cell feedback to cones because the effect in ON-ganglion cells was blocked by application of 2-amino-4-phosphonobutyate (APB), an antago- Voltage dependence of the calcium-activated chloride current. A-C, Depolarization from Ϫ62 to Ϫ14 mV for 500 msec evoked an inward tail current after repolarization of the membrane potential. The voltage dependence of the tail current was measured with 20 msec pulses to potentials between approximately Ϫ62 and Ϫ14 mV in steps of ϳ10 mV, before and after the 500 msec depolarizing step. The voltage protocol is given by the top trace, and membrane currents measured in three cones are plotted below. Dotted lines denote zero membrane current. Traces are averages of one or two responses. Bandwidth DC-2 kHz. Patch solution 1 (E Cl Ϫ52 mV) was used in A, patch solution 2 (E Cl Ϫ30 mV) in B, and patch solution 3 (E Cl Ϫ30 mV, 5 mM BAPTA) in C. D, The instantaneous current-voltage relationship of the tail current was calculated by averaging the amplitude of the membrane current averaged between 2 and 5 msec after onset of the 20 msec voltage pulse. The symbols plot the amplitudes measured during the tail current minus the amplitudes measured before the 500 msec depolarization for the cells illustrated in A (E), B (Ⅺ), and C (⌬). The straight lines are least square fits to the data points. The slope conductances and reversal potentials calculated after correction for series resistance errors were (in nanosiemens and millivolts): 22, Ϫ53 (E); 29, Ϫ38 (Ⅺ); 0.3, Ϫ9 (⌬).
nist to the glutamate receptor found on ON-bipolar cells. Direct inhibitory synaptic inputs onto amacrine cells and ganglion cells should also play a critical role in the generation of surround antagonism in the inner retina (Taylor, 1999; Bloomfield and Xin, 2000; Flores-Herr et al., 2001) . Nonetheless, in primate retina most of the surround antagonism observed in ganglion cells was blocked by carbenoxolone, leading to the suggestion that ganglion cell surrounds primarily reflect horizontal cell feedback to cones . Potential confounding effects of carbenoxolone acting directly on neurons of the inner retina cannot be ruled out, however.
